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Abstract 
RF diode sputtering of ZnO:Ga thin films by three types of deposition at constant oblique-angle (80°) configuration is presented: 
simple oblique deposition, oblique depositions by substrate sequential turning around the substrate normal - double by an 180° 
angle and four-times by 90°. XRD patterns and azimuthal line profiles confirmed their inclined (002) texture and SEM/TEM 
cross-section analyses indicated the columnar crystallic structures: tilted by about 11°, 2D- and 3D- „pseudo-zigzag“ ones. Both 
inclined texture and tilted columnar structure of the films increased their optical transmittance and widened their direct optical 
band-gap. 
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1. Introduction 
The “directional” physical vapor deposition techniques, particularly oblique-angle evaporation, are used for 
preparation of sculptured thin films - a new class of optical materials whose columnar morphology is tailored to 
elicit desired optical properties - and they are applicable in an engineering of the nanoscale morphology (Lakhtakia 
et al. [1], Yi-Jun Jen et al. [2]) as well as in preparation of nanoporous and nanostructured films (Plawsky et al. [3]). 
Transparent conducting oxides based on ZnO are promising for application in thin-film solar photovoltaic cells and 
various optoelectronic devices. Al-doped ZnO deposited with various incident angles by magnetron sputtering 
exhibited an inclination of the preferred [001] orientation towards the direction of sputtered particles but it did not 
show any tilting of thin film columnar structure (Sato et al.[4]) or fiber texture of single crystalline ZnO nanorods 
(Teki et al. [5]). We indicated previously (Cerven et al. [6]) the possibility to prepare textured ZnO thin films with 
inclined c-axis by RF diode sputtering. 
Our present aim has been to tailor the morphology of ZnO:Ga (GZO) thin films by RF diode sputtering and to 
investigate an influence of oblique-angle sputtering on their structural and optical properties. 
2. Theoretical remarks 
The special morphology of obliquely evaporated films induces great changes and anisotropy in their properties 
(Abelmann and Lodder) [7], Vick et al. [8]. The film morphology is dependent on deposition parameters including a 
deposition rate, an angular distribution of the incident deposited flux, film and substrate temperatures and on 
energetics of the surface-substrate interface. Two main competing mechanisms determine features of the growing 
film: self-shadowing and surface diffusion. The inclination of columnar crystalline structure is explained by several 
models (Abelmann and Lodder [7]) which take into consideration continuum growth model for finite atomic size, 
shadowing and conservation of parallel momentum of deposited particles, random and directional surface diffusion. 
The changes of columnar morphology can be described by: (i) the relation between the columnar inclination angle 
and the angle of flux deposition; (ii) the columnar separation which is larger in the plane given by the flux 
deposition direction and the substrate normal than in the direction perpendicular to it (“bundling” of columns); (iii) 
the cross-sectional shape of columns which is elliptic with the long ellipse axis parallel to the flux deposition plane 
(Fig. 1).  
 
 
Fig. 1 The influence of oblique-angle deposition on the thin-film columnar morphology 
 
In case of oblique deposition the columnar inclination angle ȕ is always smaller than the angle of deposition flux 
ș. It is caused by self-shadowing - atoms will be shadowed by neighbouring atoms resulting in the shift of the mean 
pair from the flux direction towards the substrate normal. During thin film growth a surface diffusion strongly 
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influences the final morphology and texture of the film. Therefore the surface diffusion determined by the energy of 
deposited particles and the substrate/film temperature will affect the columnar inclination angle and separation.  
3. Technology and experimental 
Corning glass substrates located with constant oblique-angle of 80° to the horizontal plane, were kept at room 
temperature during RF diode sputtering in Ar gas from ZnO:2% Ga2O3 ceramic target of 102.4 mm in diameter, 
(Fig. 2) .  
We had realized three types of oblique-angle sputtering courses: simple oblique deposition at 80° to the substrate 
normal (Sv); double oblique deposition at 80° - the first one like Sv and the second one by substrate turning by 180° 
angle around the substrate normal (Dv); four-times oblique deposition at 80° by substrate sequential turning by 90° 
around the substrate normal (Qv). For a comparison, glass substrates were also placed planparallely to the 
target/substrate holder – main deposition flux was perpendicular to substrate (Sh, Dh, Qh). 
 
 
 
 
Fig. 2 Schematic layout of oblique-angle sputtering arrangement 
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Thin film thickness was measured by Dektak Profilometer and surface morphology of films was analyzed by 
both Dektak Profilometer and Atomic Force Microscope PARK XE 100. Crystalline structure of GZO thin films 
was determined by the X-ray diffractometer AXS Bruker D8 equipped with a position sensitive area detector 
HistaXRD. The columnar structure and bulk morphology was observed by the SEM / TEM cross-section analyses. 
Optical properties were measured by the Avantes AVASPEC Fiber Optic Spectrometer. 
4. Results and discussion 
Using the sputtering in the low-pressure region (p İ 1.3 Pa), the mean free path of sputtered particles (~ 10-2 m) 
is comparable with the distance of target – substrate (40 mm), therefore we can assume “collision-less” regime and a 
slight „directional“ sputtering. Spatial distributions of both sputtered particles and energetic species (ions neutralized 
at the target and reflected from it, negative oxygen ions coming from the gas plasma and/or from the sputtered target) 
conform to the Knudsen cosine law slightly modified by over-cosine dependence. Simulations of the spatial 
distribution of sputtered particles - deposition profile – showed that the homogeneity of thickness across the 
substrate is dependent on both lateral and horizontal position of substrates (Tvarozek et al. [9]). Therefore films 
deposited by simple oblique-angle sputtering showed a gradient of thickness from 1.0 ­m to 0.5 ­m in top-down 
direction which was compensated in case of double or four times oblique deposition, Fig. 3. Total mean thickness of 
all GZO films was approximately 0.75 ȝm. Changes of thickness across the substrate (top-bottom course) followed 
the same direction as sputtered flux. 
 
 
Fig. 3 Changes of film thickness across the substrate (top-bottom course) and an influence of oblique-angle sputtering on 
anisotropic distribution of film roughness parameters: Rq - the root mean square (rms) roughness - is standard deviation or “first 
moment” of the height distribution, S - the average spacing between local peaks over the evaluation length 
 
Surface morphology of films analyzed by Dektak profilometer showed anisotropic properties indicated by 
different surface 2-D distributions of roughness parameters, e.g. rms roughness Rq increased in y direction towards 
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the target (from 3.41 nm to 4.46 nm), the mean spacing S of adjacent local peaks was not the same (1.15 μm in x 
direction and 1.06 μm in y direction). 
When deposition flux was perpendicular to substrate (e.g. course Qh) sputtered films showed polycrystalline 
columnar structure while oblique-angle depositions improved the preferential crystalline orientation of all films in 
the [001] direction (courses Sv, Dv, Qv), Fig. 4. XRD azimuthal line profiles cannot be approximated by common 
analytical function therefore we calculated centres of gravity. XRD patterns and azimuthal line profiles confirmed 
their inclined (002) texture but XRD analysis cannot distinguish between simple tilted structure (Sv course), and 
“pseudo-zigzag” 2D- or 3D- structures (Dv or Qv courses). 
 
 
 
 
Fig. 4 XRD patterns and azimuthal line profiles of films sputtered by different courses 
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SEM cross-section analyses indicated the forming of columnar crystallic structures: perpendicular to substrate 
(Sh), tilted by about 11° (Sv), 2D- (Dv) and 3D- (Qv) „pseudo-zigzag“structures, Fig. 5. 
 
 
Fig. 5 SEM cross-sections of GZO thin films sputtered by different courses:  Qh, Sv, Dv, Qv 
 
TEM and SEM cross-section analyses (Figs. 5 and 6) have clearly visualized the forming of transition layer with 
fine-grained crystalline structure at the interface of thin film/glass substrate. The mean grain size (§ 50 nm) 
corresponded to values which were estimated from XRD measurements.  
 
 
Fig. 6 Comparison of SEM and TEM cross-sections of GZO thin films sputtered by simple oblique-angle deposition (Sv) and four 
times oblique-angle deposition (Qv) 
 
Oblique deposited films showed the gradual thickening of columnar structure towards the top of the film. This 
column thickening is probably caused by the dynamic heating of film surface – the elevation of the film temperature 
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during sputtering - it increases the surface diffusion of deposited particles. Furthermore an enlargement of grain size 
with rise of the thickness was observed - it is well-known “size effect” in the thin film growth. In addition oblique 
sputtering has improved the texture of films in [001] direction. 
Texture and columnar inclination angles were very small (ȕ § 11°) in comparison with the angle of deposition 
flux (substrate position). In our case of oblique deposition arrangement (Fig. 2), the angle of main sputtered flux (ș 
= 80°) to the substrate normal is broadened due to the spatial distribution of sputtered particles coming from the 
“visible” part of target. It means that a certain part of sputtered fluxes was deposited at lower angles (45°  ș  80°). 
More to it, the kinetic energy of sputtered particles (1 – 10 eV) is essentially higher in comparison with energy of 
evaporated particles, therefore the random surface diffusion becomes very large.  The directional diffusion is 
relatively small and migrated particles do not “distinguish” were they come from and the difference between oblique 
and normal depositions is minimized. Further effect which can decrease the angle of columnar inclination is a 
conservation of parallel momentum of incident particles: they upon impact retain a portion of their momentum and 
migrate parallel to deposition flux. These effects can explain the lower columnar inclination of oblique sputtered 
films in comparison with oblique evaporated thin films.  
 
 
Fig. 7 Comparison of AFM surface morphology of GZO thin films deposited by normal (Sh) and oblique (Sv) courses  
 
Based on AFM analysis, surface morphology of GZO thin films exhibited small “visual” differences between 
normal (Sh) and oblique (Sv) deposition, Fig. 7. But the histogram of peak/valley profile from the mean line showed 
non-Gaussian distribution in case of oblique-angle sputtered film Sv. 
 
 
Fig.8 Optical transmittance spectra of GZO thin films 
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In case that the optical reflectance and absorbance can be neglected, the total light transmittance of GZO thin film 
consists of two components: the specular (direct) transmittance (the light propagates in the normal direction) and the 
diffuse transmittance (the light scatters in all directions). Both the inclined texture and tilted columnar structures of 
films increased their direct and diffuse optical transmittance which can be explained by more ordered crystallic 
structure of films. This effect was the most apparent in case of 2D-„pseudo-zigzag“ structure (Dv) where direct and  
total transmittances reached values of 88.8 % and 89.6 % respectively.  
The optical transmittance in the UV spectrum region (blue–shift of the absorption edge, Fig. 8) gives the 
information about the width of optical band-gap. The absorption edge for direct inter-band transitions is given by 
ĮhȞ = A(hȞ-Eg)1/2 (Morkoc and Ozgur [10]), where A is a constant for a direct transition, Į is the optical absorption 
coefficient, which is given from dividing absorbance by film thickness, and hȞ is the photon energy. The direct 
optical band-gap Eg was obtained by plotting and extrapolation of (ĮhȞ)2 vs. hȞ. It was slightly widened by the 
oblique-angle sputtering from 3.25 eV to 3.36 eV. 
5. Conclusion 
Presented results confirmed the possibility to sputter ZnO-based thin films with the tilted columnar crystalline 
structure and an inclined c-axis in the relation to substrate plane. These effects were considerably smaller in 
comparison with oblique-angle evaporation of thin films. In spite of that, this technology associated with specific 
advantages of sputtering and/or ion sputter etching can contribute to the development of sculptured thin films. 
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